A B S T R A C T Folate transport in phenylhydrazine-induced rabbit reticulocytes was studied with the nonmetabolized folate-analog, methotrexate. The time-course of methotrexate uptake into a mixed population of reticulocytes and mature erythrocytes is a two-component process consisting of a small, but rapid, initial uptake phase followed by a much slower uptake component which remains essentially constant over the period of observation. The velocity of the latter uptake component is directly proportional to the per cent reticulocytes and appears to represent a unidirectional influx of methotrexate into these cells. Uptake of methotrexate into reticulocytes was found to have the following characteristics: (a) temperature sensitivity, Qio of 4; (b) uptake velocity as a function of the extracellular methotrexate concentration approximated Michaelis-Menten kinetics with a maximum transport velocity of 48 pmoles/ min per g dry wt; the extracellular methotrexate level at which the uptake velocity was one-half maximum was 1.4 FM; (c) 5-formyltetrahydrofolate markedly inhibited methotrexate uptake but pteroylglutamic acid inhibition was weak; (d) uptake was stimulated in cells preincubated with 5-formyltetrahydrofolate, indicative of heteroexchange diffusion; (e) uptake was independent of extracellular sodium but was inhibited by anions including nitrate, phosphate, and glucose-6-phosphate; (f) uptake was enhanced by azide plus iodoacetate.
INTRODUCTION
Previous studies from this laboratory have characterized a carrier mechanism for the transport of methotrexate, MTX,1 and the naturally occurring folates across the cell membrane of Ehrlich ascites and L1210 murine leukemia cells (1) (2) (3) (4) (5) (6) . MTX has served as a model substrate (5) for the study of the transport properties of this group of compounds because: (a) its uptake is rapid; (b) unlike the naturally ocurring folates, MTX is not metabolized by these cell systems; (c) MTX is readily available as the tritiated isotope at high specific activity, with excellent purity after column chromatography, and with satisfactory stability; (d) the tight intracellular binding of MTX to dihydrofolate reductase permits very accurate measurements of unidirectional influx rates. This transport mechanism is unusual in that although these cells can maintain intracellular MTX at a higher electrochemical-potential relative to its extracellular species (1) , metabolic inhibitors do not reduce the intracellular MTX level, but rather lead to an increase in the unidirectional influxp of MTX, a fall in the unidirectional efflux rate, and a large rise in the apparent intracellular electrochemical-potential (3) . Furthermore, transport of MTX is not sodium dependent; rather, both the unidirectional influx and the intracellular electrochemicalpotential of MTX are reduced by the extracellular presence of a variety of structurally unrelated inorganic and organic anions (5, 6 ).
Because of the major importance of the folate com- 1 Abbreviations used in this paper: folic acid, pteroylglutamic acid; 5-formylTHF, 5-formyl-5,6,7,8-tetrahydropteroyl-L-glutamic acid; MTX, methotrexate (4-amino-N1-methylpteroylglutamic acid).
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The Journal of Clinical Investigation Volume 51 July 1972 pounds in cellular biosynthetic processes (7) and in view of the unusual properties of the folate transport system in the tumor cells studied, it was of interest to determine whether this folate transport xnechanism is unique to tumor cells or is a more generalized phenomenon of folate transport in mammalian tissues. To explore this further, studies were undertaken with rabbit erythrocytes, and the results of these experiments are the subject of this report.
METHODS
Preparation of cells. Erythrocytes were obtained from New Zealand white rabbits weighing 4-7 lb. Reticulocytosis was induced by the subcutaneous injection on 2-3 successive days of 50 mg of phenylhydrazine in a 2.5% aqueous solution adjusted to pH 7 with NaOH. This was repeated after a delay of 5 days to sustain the reticulocytosis. To prevent folate deficiency with the chronic administration of this agent, animals were given 15 mg of folic acid subcutaneously with each cycle of exposure to phenylhydrazine. By this technique, reticulocyte levels approaching 100% could be achieved. In some experiments reticulocytosis was induced by bleeding (See Results section, "The relationship between MTX uptake and reticulocyte level"), but because much higher reticulocyte levels could be achieved with phenylhydrazine, the latter technique was utilized for all other studies.
48 hr after the last injection of phenylhydrazine, blood was collected from a marginal ear vein in 25 vol of O0C buffer (see below); under these conditions coagulation did not occur. The red cell fraction was collected by centrifugation in a 40 ml round bottom tube at 1000 g for 2 min, the supernatant fluid was aspirated, and the cell pellet washed twice with 0C buffer. This procedure resulted in the isolation of a red cell pellet which contained less than 50% of the leukocytes and less than 10% of the platelets originally present. Further removal of more than 90% of the leukocytes was accomplished in some experiments by resuspending the cells into buffer containing 3% dextran (average mol wt = 200,000). After sedimentation for 1 hr, the supernatant fluid was aspirated, the cell fraction separated by centrifugation, and the dextran removed by two washes with 0C buffer. The cell pellets were maintained at 0C until the time of experimentation.
Buffer and incubation procedures. The buffer employed in these studies has the following composition: NaCl, 136 mM; KCl, 4.5 mM; NaHCO3, 16 mM; KH2PO4, 1.1 mM;
MgCl2, 1.9 mM; and CaCl, 1.0 mm. The pH was adjusted to 7.4 in an atmosphere of 95% Or5% C02. The final buffer osmolality was 290 mOsm/liter. In some experiments, sodium, chloride, or both ions were replaced by other solutes; this replacement was isosmotic. Erythrocyte cytocrits were less than 10%. Under these conditions the pH did not change more than 0.2 U over a 1 hr experiment. Hemolysis was less than 3% after 1i hr under all experimental conditions. Measurement of MTX uptake and efflux. The 40 ml centrifuge tube containing the red blood cell pellet at 0WC was warmed by immersion in a 370C water bath after which the cell pellet was dispersed by the addition of the appropriate buffer containing MTX-IH at 370C. After a brief vortex mix, the suspension was added to flasks aerated with warmed and humidified 95% Or-5% C02, and stirred continuously with a teflon paddle as previously described (1) . Timed samples of the cell suspension were removed and injected into 10 vol of 00C 0.85% saline (to be referred to as NaCl solution); this procedure halts the uptake of MTX. Exchangeable MTX was determined in cells first preincubated with MTX-'H, then washed free of MTX with 0WC buffer, and finally resuspended into a large volume of this buffer at 37°C. The cell suspension was sampled as described above.
Analytical procedures. The analytical procedures have been described in detail previously (1, 3, 4) . Briefly, erythrocytes were separated by centrifugation at 2000 g for 1 min and washed twice with 0'C NaCl solution. After the last wash, the supernatant fluid was thoroughly aspirated and the cell pellet drawn into the tip of a pasteur pipet and extruded onto a polyethylene tare. The pellets were dried, separated from their tares, and weighed directly on a Cahn G-2 electrobalance (Cahn Instruments, Paramount, Calif.) The pellets were then transferred to scintillation vials which were positioned at a 450 angle in specially designed racks so that the subsequent addition of 100 ul of 1 N KOH would completely encompass the cell material. After a 1 hr digestion at 70'C, the vials were cooled and the solution decolorized by the addition of 100 /Al of 30% H20, to minimize color quenching. After addition of 15 ml of the scintillation cocktail,' there was marked chemiluminescence which fell to background within 24-48 hr, after which the samples were counted on a liquid scintillation spectrometer.
Intracellular volume and chloride concentration were determined on unwashed cell pellets employing inulin-J4C as an extracellular marker as previously described in detail (1) . For The measurement of initial rates in the time-course tained negligible radio-of uptake is technically difficult due to low intracellular diluted with nonlabeled radioactivity. In view of this and the observation that NE-cellulose column as the first uptake component is a very small part of the such experiments more [ed to the column was total MTX taken up over a long time interval (see ier peak of radioactivity reticulocyte uptake, Fig. 3 ), the data to be presented will be primarily concerned with the characterization reression analyses re-of the properties of the more important second uptake rere determined by the ndard deviation of the component.
lines were calculated
The relationship between MTX uptake and reticuloa are expressed as mean cyte level. Fig. 3 compares the time-course of MTX s or ordinate intercepts uptake at reticulocyte levels of 1.5% and near 100%.
,m~nt's test.
When the reticulocyte level is high, the second component uptake velocity is markedly increased. For these studies, uptake was confined to the linear phase and cytocrits were adjusted so that alterations in the extracellular MTX level due to cellular uptake were negligible. Fig. 5 is a double-reciprocal plot of this data. The linear correlation coefficient is 0.88 with a positive ordinate intercept which differs significantly from zero (P < 0.001). These data suggest that the second uptake component for MTX deviates from a first order process and approximates Michaelis-Menten kinetics. The estimated maximum uptake velocity, Vm.., is 0.048 nmoles/min per g dry wt. The uptake Kt, the extracellular MTX level at which the uptake rate is Other characteristics of MTX uptake: temperature sensitivity and inhibition by folic acid and 5-formyl-THF. The average Qio for the second component uptake velocity between 27 and 37°C is 4. The presence of folic acid or 5-formylTHF in the extracellular compartment inhibits the uptake of MTX (Fig. 6) ; however, the degree of inhibition by these compounds is quite different. While 5-formylTHF at a level equimolar to MTX produced an 80% reduction in the second component uptake rate, six times the concentration of folic acid reduced this rate by only 28%. After 60 min the cell fractions were separated by centrifugation and washed with 0C folate-free buffer. After prewarming the cell pellet for 1 min, the cells were resuspended at time zero into 370C buffer containing tritiated MTX at a level of 15 JLM. The reticulocyte level was 64%.
Heteroexchange diffusion. Fig. 7 illustrates the results of an experiment in which MTX uptake was measured in control cells and cells preincubated with 5-formylTHF. There was a small rise in the initial uptake rate in the cells preincubated with 5-formylTHF, but the major change was related to a prolongation of the initial uptake rate in these cells with enhanced net uptake for about 15 min after which the second component uptake velocities for the control and preincubated cells became identical.
The effect of metabolic inhibitors on MTX uptake. Since intracellular MTX does not achieve a steady state in these experiments, and because the analysis of free intracellular MTX pools may be complicated by the presence of two intracellular compartments, both of which appear to contain tight binding sites for MTX (see Discussion), the electrochemical-potential difference for MTX across the cell membrane under steadystate conditions could not be determined, thus complicating an analysis of the energetics of this transport system. However, the effect of metabolic inhibitors on MTX uptake was examined. The closed points of Fig.  8 illustrate part of an experiment in which cells were simultaneously exposed to MTX-8H in the presence or absence of 10 mm azide and 1 mm iodoacetate. There was a marked increase in the second component uptake velocity in the cells exposed to metabolic inhibitors.
To determine whether alterations in cell volume or membrane potential contribute to the stimulation of MTX uptake observed in the presence of azide and iodoacetate, cell volume and chloride distribution ratios (the ratio of the concentration of chloride in the intracellular to extracellular water) were determined over a 1 hr interval. Unlike the tumor cell systems previously studied (1), the chloride distribution ratio for erythrocytes is a more reliable parameter for the estimation of the transmembrane potential difference (10) . Table I is a composite of five experiments and indicates that cell volume, as estimated from the ratio of the intracellular water to dry weight, is the same in both groups and remains constant over the period of observation. Nor is there a significant difference between the chloride distribution ratios of the control cells and those exposed to the metabolic poisons, although in both groups there is a small parallel rise with time. Further, significant changes do not occur in other cell parameters such as the ratio of dry to wet weight, or the ratio of the extracellular water to wet weight (inulin space).
Although the level of free intracellular MTX increases in the presence of metabolic poisons, a steady state is not achieved nor is an intracellular level for free MTX approached that would be expected if this compound were passively distributed across the cell membrane ( Fig. 9 ).8 Hence, MTX uptake during the period of observation is downhill into the cell, and nonspecific damage to the cell membrane by the metabolic poisons could lead to an increase in the permeability to MTX by passive diffusion. However, this is excluded by the following observations: (a) the unaltered inulin space (Table I) The effect of structurally unrelated cations and anions on MTX uptake. When extracellular sodium is replaced by either lithium or potassium, the second component uptake velocity is unchanged. However, replacement of extracellular chloride with inorganic or organic anions leads to a marked inhibition of MTX uptake, while replacement of both sodium and chloride by nonelectrolytes leads to an enhanced MTX uptake (Table II) . DISCUSSION Although many of the characteristics of MTX uptake in rabbit erythrocytes are similar to those described ' From the data of Table I , the membrane potential is estimated at 6.65 mv from the Nernst equation (11), based on a chloride distribution ratio of 0.76 after a 2040 min incubation. Assuming MTX to be a bivalent anion, the expected passive distribution for MTX at this transmembrane potential difference would be an intracellular to extracellular concentration ratio of 0.59, or an intracellular concentration of 8.85 ,uM when the extracellular level is 15 /Sm, as in the azide-iodoacetate-treated cells of Fig. 9 . Hence, the actual free intracellular MTX level of 1.85 juM achieved after a 40 min incubation in Fig. 9 (1) .
In contrast, the time-course of MTX uptake into reticulocytes is characterized by two uptake components, a The effect of metabolic inhibitors on MTX uptake and exchangeability. Cells were incubated for 10 min under control conditions or in the presence of 10 mm azide and 1 mm iodoacetate. After this, MTX was added to achieve an extracellular level of 15 /LM. At the arrow, portions of the cell suspensions were removed, separated by centrifugation, and resuspended into a large volume of MTX-free buffer at 370C. The reticulocyte level was 90%. rapid initial uptake followed by a slower uptake at an essentially constant rate and the cells do not achieve a steady state over the usual interval of observation. The kinetics of this process can be interpreted as representing uptake of MTX into either one or two membrane-defined intracellular compartments, both contiguous with the extracellular compartment: (a) In a two-compartment analysis, the first uptake component would represent rapid equilibration of MTX into a small compartment, its size estimated by the interrupted lines in Figs. 1 and 2 . The small quantity of exchangeable MTX observed on efflux studies would be related to this compartment (Fig. 2) , and since this represents only one-half the ordinate intercept, an additional bound fraction of MTX within this compartment would be required to account for the difference. The second uptake component would reflect a slow uptake into the major intracellular compartment with subsequent binding-presumably to dihydrofolate reductase. The linearity of this component and the absence of exchangeable MTX in this compartment would suggest that it represents a unidirectional flux.
Mechanism of Folate Transport in Rabbit Reticulocytes
(b) In a single-compartment analysis the deviation from initial rates would be related to a rapid buildup of a back-flux component early in the uptake process. Such a mechanism was proposed to explain the timecourse of folic acid uptake in L1210 leukemia cells (2) , and is compatible with an energy-dependent exit mechanism (see below) (3). However, folic acid is rapidly metabolized, neither it nor its metabolites are tightly bound within the cell, and these compounds leave the cell at a rate far greater than the net uptake velocity (2) . On the other hand, MTX is not metabolized by the erythrocyte, most of the intracellular MTX is tightly bound, and only a small quantity is free to leave the cell under usual conditions. The apparent high affinity of the intracellular binding sites for MTX, which probably represent dihydrofolate reductase (12) , make it unlikely that appreciable amounts of free MTX could accumulate within the intracellular water of a compartment in which these binding sites were still available. Hence, the exchangeable MTX which is present within these cells must be in a distinct membrane-defined compartment. The absence of free intracellular MTX within the major compartment would preclude the presence of an efflux component so that the fall in initial rates could not be due to a back-flux of MTX. Thus, although the data are not conclusive, the results favor the two-compartment analysis. The origin of the smaller compartment in this analysis is not clear. It does not appear to be due to uptake into platelet or leukocyte contaminants. The second component of MTX uptake represents transport into reticulocytes. This component is proportional to the per cent reticulocytes and disappears as the reticulocyte level approaches zero. This loss of folate transport capacity with maturation of the reticulocyte parallels regression of folate-dependent metabolic activity. This is consistent with other reports that cellular folate content as well as uptake of folic acid is greater in reticulocytes than mature erythrocytes (13) . A further relationship between cellular requirements for folate coenzymes and the transport mechanism is suggested by higher rates of folate uptake in proliferating tissues, such as bone marrow (14) and tumor cells (5) , as compared to reticulocytes, as well as the observation that folic acid uptake is increased in phytohemagglutinin-stimulated lymphocytes (15) . Regression of transport systems with cell maturation is not unique for the folates, but has been observed also for amino acids (16) .
The properties of MTX transport in reticulocytes are indicative of a carrier-mediated process (18 The interpretation of the mechanism by which uptake stimulation for MTX occurs during heteroexchange depends upon the compartmental analysis of this system. In the two-compartment formulation, enhanced uptake of MTX into cells preincubated with 5-formyl-THF is due to stimulation of MTX inffux into the major intracellular compartment. This effect is related to the concept that the rate-limiting step in this carrier system is the rate of translocation of free carrier as it moves from the inner to outer boundary of the cell membrane, while the rate of translocation of the carrier complexed with 5-formylTHF or another folate is greater than that of carrier alone (4, 5, 17) . The stimulation of the second component influx rate for MTX is transient because the efflux of folate is transient as its intracellular level is dissipated; however, the net increment in the cell MTX level is sustained because excess MTX taken up by the cells is bound within the major intracellular compartment. Heteroexchange cannot be explained by increased MTX uptake into the smaller intracellular compartment since free intracellular MTX in this compartment is at equilibrium with extracellular MTX, and changes in the free intracellular level during heteroexchange must be transient. If, as is less likely, the one-compartment analysis pertains, enhanced uptake of MTX during heteroexchange would be due to inhibition of MTX back-flux as folate competitively inhibits MTX efflux as it reacts with carrier at the inner cell membrane and leaves the cell (countertransport) (18) .
Previous studies with tumor cells demonstrated that although the folate carrier system has a low affinity for folic acid and a high affinity for its tetrahydrofolate derivatives, this is nonetheless the major route for folic acid uptake into these cells (1, 2, 4, 5). This paper suggests that a similar relationship pertains to the carrier-mediated transport of folates in rabbit reticulocytes. In view of this and the observation that the major folate in the blood of man and rodents is 5-methyltetrahydrofolate (19, 20) , it is likely that uptake of the tetrahydrofolate derivatives of folic acid into folate-dependent tissues is several orders of magnitude greater than that of folic acid itself; thus, folic acid can be of little importance in meeting the requirements of folate-dependent tissues.
Folate uptake in tumor cells and reticulocytes is inhibited by a variety of structurally unrelated anions while there is a lack of dependence of the uptake mechanism on extracellular sodium ions (5, 6) . The stimulation of MTX influx when both sodium and chloride are replaced by nonionic solutes suggests that chloride is itself inhibitory. The possible implications of these findings with respect to the energetics of the MTX carrier system have been discussed (5) . Anion inhibition of folate uptake may reduce folate utilization in clinical conditions in which anions accumulate within the blood such as occurs in uremia. Initial studies indicate that folate influx into tumor cells is inhibited by serum from azotemic humans (21) . This is currently under further study.
Previous studies suggested the possibility of two modes of energy coupling to the folate transport system in tumor cells to account for the unusual response to metabolic poisons (2, 3). One energy input, highly dependent upon endogenous energy metabolism, may be capable of producing an uphill flow of folate out of the cell while another energy input, less dependent upon minute to minute energy metabolism, may produce an uphill flow of folate into the cell. The steady-state electrochemical-potential difference for folate across the cell membrane would then be determined by the net effect of these opposing processes. In the presence of metabolic poisons, the former energy input is blocked while the latter persists, leading to an augmented uphill flow of folate into the cell as observed in tumor cells (3) . Although changes in steady-state energetics for MTX were quantitated in tumor cells, this was not possible in these studies. However, a marked increase in the second component of MTX uptake was observed in reticulocytes upon exposure to metabolic poisons, an observation attributed to the inhibition of an energy-dependent process tending to limit folate uptake in these cells. The possibility that this is due to some nonspecific increase in membrane permeability or a change in the transmembrane potential difference was excluded. The mechanism of uptake stimulation by metabolic poisons again depends upon the analysis of the uptake sequence. If back-flux of MTX is a significant part of the second uptake component then uptake stimulation could be due to an inhibition of this back-flux. If, as more likely, the second component of uptake represents a unidirectional flux, then inhibitors have enhanced this process. Although metabolic poisons enhance the unidirectional influx of MTX into tumor cells, the effect is considerably less than observed here, and the overall increase in net accumulation at the steady state is accompanied by a more profound inhibition of the unidirectional efflux process (3) .
